mosomally encoded determinant found in the difficultIi, whereas gramicidin S, a bacterium-derived cyclic decapeptide, was the best inhibitor of AAC(6Ј)-Ie. to-treat Enterococcus faecium that lends low-level intrinsic resistance to many aminoglycosides and obviates
For the most part, the two aminoglycoside phosphotransferases surveyed, APH(3Ј)-IIIa and APH(2″)-Ia (the aminoglycoside/penicillin synergy in these organisms [13] . We have identified cationic peptide inhibitors of kinase activity of the bifunctional AAC(6Ј)-APH(2″) enzyme), had similar peptide inhibitor profiles (Table 1) . both aminoglycoside phosphotransferases and aminoglycoside acetyltransferases that show similar affinity
The ␤-hairpin-structured peptide protegrin (PG1) appeared to be the best inhibitor of the aminoglycoside for binding to the enzymes as natural substrates. Moreover, the bovine antimicrobial peptide indolicidin and phosphotransferases, and indolicidin and its analog, CP10A, had efficient inhibitory activity against both enits analogs were shown to inhibit enzymes belonging to both the aminoglycoside phosphotransferase and aminozymes. CP11CN weakly inhibited APH(3Ј)-IIIa but did not show any activity against APH(2″)-Ia, suggesting a glycoside acetyltransferase classes of resistance enzymes. These compounds represent the first broad-speclimited selectivity between the aminoglycoside phosphotransferases. trum inhibitors of aminoglycoside modifying enzymes.
The best peptide inhibitors were not necessarily those with the greatest positive charge, demonstrating that Results and Discussion inhibitory peptides make specific amino acid contacts with the enzymes and their interaction is not exclusively Antimicrobial Peptides Inhibit Aminoglycoside dictated by ionic interactions. Indolicidin and its analog, Resistance Enzymes CP10A, were especially effective in inhibiting the resisSeveral structural classes of cationic peptides were tance enzymes with IC 50 s in the low to mid-micromolar screened against three aminoglycoside modifying enrange for three of the four enzyme activities (Table 1) . zymes representing two classes of aminoglycoside reThe more highly charged indolicidin analog CP11CN sistance enzymes, the APHs and the AACs, which are was only effective against AAC(6Ј)-Ii and APH(3Ј)-IIIa, most prevalent in gram-positive pathogens (Table 1) .
although it was a significantly weaker inhibitor of Most of these peptides, except protegrin 1 and gramici-APH(3Ј)-IIIa compared to CP10A and indolicidin. din S, are predicted to be unstructured in free solution and only adopt the structures described in Table 1 a In addition to these peptides, the following ␣-helical peptides were screened against one or more aminoglycoside modifying enzymes (CP26, CEME, CEMA, CP␣1, and CP␣2) but did not show any significant inhibitory activity [22] . 
terns demonstrate that the peptides bind both to free dues of CP10A (GW15) did not inhibit either APH(3Ј)-IIIa or AAC(6Ј)-Ii; however, a peptide composed of the five enzyme and to enzyme-substrate complexes, and also C-terminal residues (GW11) was able to weakly inhibit suggests that the peptides do not bind simply to either APH(3Ј)-IIIa (Table 4). This suggests that the most importhe aminoglycoside binding site or the ATP binding tant binding interaction to APH(3Ј)-IIIa occurs with the pocket, but influence both sites directly or indirectly.
C-terminal proportion of CP10A. However, inhibition was significantly increased as additional residues were Structure-Activity Relationships of Indolicidin added onto the N terminus, where the addition of hyAnalog CP10A drophobic residues had the largest impact on changes The indolicidin analog CP10A demonstrated similar afin IC 50 (Table 4 ). This result suggests that hydrophobic finity as aminoglycoside substrates, with K i s in the mid interactions and van der Waals forces also play importo low micromolar range, to both AAC and APH classes tant roles in the interactions between peptide and resisof antibiotic resistance enzymes (Table 3) . Our initial tance enzyme. hypothesis was that these peptides would inhibit the With either APH(3Ј)-IIIa or AAC(6Ј)-Ii, maximum inhibiaminoglycoside resistance enzymes by binding primartion occurred only with full-length CP10A (Table 4) . ily through electrostatic interactions. Consistent with CP10A is predicted to adopt an amphipathic helix structhis hypothesis, increasing the salt concentration had a ture with one face primarily hydrophobic and the other negative impact on IC 50 for CP10A with both AAC(6Ј)-Ii positively charged ( Figure 3C ). To determine the poten-( Figure 3A) and APH(3Ј)-IIIa ( Figure 3B) . tial importance of this secondary structure and the To gain further insight into the important interactions placement of positively charged amino acid residues in between the peptide and the enzymes, we assayed the the peptide, we tested the resistance enzymes against resistance enzymes against a number of fragments of peptides GW27, which exchanges residues 5 and 7 in CP10A, and GW28, which exchanges residues 11 and CP10A. A peptide consisting of the six N-terminal resi- 
